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ABSTRACT

This report was prepared for presentation at the STRATCOM Advanced Concept Technology
Demonstration (ACTD) meeting held in Albuquerque, New Mexico, May 21, 2003.

It discusses the methods that can be used to estimate the mechanical properties of rock masses,
such as deformability and strength. Special emphasis is put on the fact that rock mass properties
are subject to an effect of scale, i.e. the properties measured on laboratory-scale samples are not

representative of in-situ properties because of the presence of geologic discontinuities.

This information is relevant to the planning of new field tests to asses the effects of explosions in

the ground that are part of the on-going ACTD.
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Part 1

Deformability of Rock Masses

Plate bearing tests on isotropic rocks
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Note: USBR cost, 10 years ago, at Monk Hollow dam site, Utah, was 300K for 6 tests,
not including rock surface preparation (G. Scott, pers. communic., 05/08/03) s

Using the U. S.Bureau of Reclamation’s

4-million pound testing frame




Plate test analysis (Belin, 1959) =

In isotropic media, the modulus of the rock mass is calculated as:
E=K.P.n.a(1-v2)/ U
where
+ K: coefficient = 0.50 for a perfectly rigid plate
= 0.54 for a perfectly flexible plate
: applied pressure on the plate
: radius of the plate (assumed circular)
: Poisson’s ratio of the rock mass (assume it to be 0.25)

cC < o T

: average displacement of the plate

Plate tests on anisotropic rocks
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The pressure bulb shape under a plate is influenced by rock mass anisotropy (Singh, 1973a)
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Plate tests on anisotropic rocks (cont.)
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When conducting plate bearing tests on anisotropic rocks, the modulus calculated from an

isotropic solution can be in error due to the rock mass anisotropy, and possibly due to the plate

geometry. Results based on 2-D finite element simulations (Heuze and Salem, 1977).

Other plate tests (Wallace et al, 1969)
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Pressure chamber tests (Wallace et al, 1970)
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Pressure chamber tests (Wallace et al, 1970)

12

Y
4




Pressure chamber tests (Wallace et al, 1970)
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Pressure chamber tests (Wallace et al, 1970)
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Pressure chamber tests (Wallace et al, 1970)

Multi-position extensometers are used to measure displacements inside the rock mass.
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Analysis of pressure tests in circular openings

This applies to tunnel tests such as above, or to dilatometer tests in
boreholes. The rock mass modulus is obtained from:

» Measuring the change in diameter, isotropic case:
E =[AP. D.(1+v)] /AD

where:

AP : increase in applied pressure

D : diameter

v : Poisson’s ratio of the rock mass (assume 0.25)

AD : change in diameter

or
» Measuring the displacement U(r) at depth “r” into the rock mass:
E= [AP.D2 (1+v)] / [4. r. U(r)]
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The NX-Borehole Jack

The pistons are in the center section, while the LVDT’s are near the extremities. So, the rock-
bearing plates may be bent outward at the LVDT locations, creating an excessive displacement.
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The NX-Borehole Jack - Data analysis E

Eon = 05005 (D/ADY T+
where

I = hole diameter.
Ay = change in hole diameter,
Aagy, — increment of hydeaolie-lime pressure, and
T+ = acoefficient depending on Poisson's ratio e.

T*™ fur jeell corcrars,

¥ ¢l 0.2 L T £ 43 44 (GRS
™ 1519 147 143 LMT  LMe 123 113

The calculated modulus, Ecalc, must be corrected as described by Heuze and
Amadei, 1985. See also ASTM Standard D 4971-89.
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The NX-Borehole Jack - Data calibration =
Heuze and Amadei, 1985, and . e
ASTM Standard D 4971-89. “i §
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Borehole and gallery tests in anisotropic media

Dilatometer

Borehole jack

(Amadei and Savage, 1991)
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Other field deformability tests - Flat jacks




Flat jacks (cont.) E

After Jaeger and Cook, (1976) and
Goodman (1980).
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See also Loureiro-Pinto et al , 1986
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The rock mass modulus E is

ot ] K - 5
calculated from the displacement of P -] T ,1,{ fg a1t “’ !
reference points, upon pressurizing 2an A A
the rock slot with a flat jack :

Other field deformability tests - Curved jacks

“Corejacking” test in rocksalt (Blankenship and Stickney, 1982)




Other field deformability tests (cont.) A
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“Petite sismique™ results ( Bieniawski, 1979). Method proposed by Schneider, 1967.
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“Petite sismique” in the Climax granite e
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“Petite sismique” in the Climax granite g
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Petite sismique record at SFT-C

“Petite sismique” in the Climax granite

7
50 - d
Py
tf
’
£t &
Bisnizerskl &~
e
&£ 3k
@ }
-
Hr
163
]
Qb o« o d a e bed e b
O 303 B0 T o800 1md 10

N {Hzi

The correlation N-Eg,,4, does not seem to fit with other test results or correlations




Comparison of different tests - Scale effects
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Static vs. dynamic moduli; ex: sedimentary rocks
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The moduli calculated from dynamic tests are generally much higher than those

calculated from static tests. In seismic tests, the stress level is usually much
lower than in static tests (After Link, 1964).
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Static vs. dynamic moduli; sedimentary rocks (cont.) E
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Estimating joint normal stiffness at Climax

For a rock mass with three orthogonal joint 18-
) E, ~ 0 4F3
sets, equally spaced, the field modulus is L 2 = 50 fa51m -
given by (Duncan and Goodman, 1969): Q‘ R st ?“z;rgj, s Bl / "
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AIE, = 1/E, + 11s.K 5 T v
f r n i Rid1] T = 1Q<m—g\f{f ‘w‘} S
- A & &
where £ as Vi "-}f /
& z -
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- K, = normal joint stiffness = oy é/"/. _‘f" ,.r/

N ) po=——— 1L 4 .,
The joint spacing could be estimated from w3 L1 gyt PRI
the RQD (next slide). 1 [P

TOhE s
B foddin )

32




Joint spacing versus RQD =]

s: fracture soacing
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Estimating rock mass modulus variation -
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In a rock mass with 3 orthogonal
joint sets, curve AB can be drawn
when knowing the average joint ™}
spacing if one knows the modulus at

a point or has an estimate of normal
joint stiffness (1/E¢=1/E + 1/s.K ).

If the RQD is obtained at another “

location, the in-situ modulus can

then be estimated (Heuze, 1971). l
x
%

HLY

1% 0
MALTURRL S sk ing




Rock mass modulus versus RQD =]
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Additional models of jointed rock masses =
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E’s : Young’s moduli; G's : shear moduli; V's ; Poisson’s ratios

Three orthogonal joint sets, not equally spaced (Duncan and Goodman, 1968).
See also Gerrard (1982), and Fossum (1985)




Comparison of different tests - Scale effects
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Comparison of different tests - Scale effects )
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Summary of scale effects L_j,;

g 5t Foapeit Baeeds xyna Yrm o3 Swds Hewd Tt #.7 123,
shein twk Esvey nx wa  SFk Wie
Readkat ¥ Tarrmude: Fouv Suoac oy hd Wy i
. oan 41 Cosmui s matmn 134 &%
[TETS L XN Foawnm lute fewe g 54 iy PE 1M
Wy (57 Avaan B E Fum s dee * uHs (%
e Somadmass ai 133 (183 bt
Fe o IR E T TR § TN Eaves Ser o L * L
MR 1 3
5 5 Prames | o Fime bew W bex | »t,
£ W3 4 o ¥
Trperam s WEE e § > v -
fLan i S 10 '8
$anmbe. 4 ey i 3e s By i by M ¥rad
Hd et a »f-:&f:u:m e aee R
Loy ¢ b 3ander * x5 . e
f 38 el
Totansd srtsmsm 15 £« s
Eal )M‘zf-l ':i Si%._s ;
AERE Pedet i - -t
Heuze, 1980 bt 3+ e sl S beéwd
Mo romd Eriyak 3 < E1E ] wad
B et T = e s
b Jostotem 2 o3 e
P Gl K
o - * M
E AR poasharme ~ t V%
Tazage K11z D Axe Tiwe fes o g’ﬂ e
[ N T meome s wk Ewrwors 5oL -
12N Toomend whssomss >
24 Frwne oo F oty
this Fiume S oo 24 DL
it Foine xoiegue (81
thdewn Tlarr besw gt iv¥ T
s ST s VR L
E Tsomant sebxmmenns M
e d Floe e £ » %
P ¥
Lmtoma Rariames )y i
¥
39
Summary of scale effects (cont.)
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Part 2

Strength Tests of Rock Masses

41

Bieniawski on coal, 1967. See also Bieniawski et al, 1975
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Strength tests scale effects - A reminder
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Strength tests scale effects (cont.)
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In-situ strength tests - Bearing capacity

Nair, US. Bureau of Mines,
1974
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Bearing capacity test results in various rocks
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Field direct shear tests - Wallace et al ,1969’
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Field direct shear tests - Wallace et al ,1969




Field direct shear tests - Wallace et al ,1969
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Field direct shear tests - Wallace et al ,1969




Field direct shear tests - another example
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Scale effects on joint shear strength

The empirical equation of Barton (1973) for peak shear strength:

Tp = On tan[ JRC log1o (JCS/op) + ¢ ]

o, : normal stress on the joint
JCS : effective joint wall compressive strength (often taken as o)
o. : wall rock unconfined compressive strength

JRC : joint roughness coefficient
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Scale effects on joint shear strength (cont.)
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Scale effects on joint shear strength (cont.)

Tramd ARG AR

; o R BT B SE S
i e we [
- b odEF v onm Sy TTOET
o % o
{8 > :f o b . oy hod
[N f; r Ve a2 W LI (l’ ’3 Xy G dm
' \'\:M e L] - ij 1 .
3 Iy _,&_._,‘__ ! s 31
haadd i & e e, Tul Berwal weaxs Fxhufw 3 Oidve
P ¥
I Iy
L ; .!' <
P ird SResm ..
4 3 - -
3 [
1
é EEx:
A 3
Y3
" %
R e o e e e e
e ame b CRMIE W EIIVEIITIBOS k. e
e I e T TR L + e
v LA o *®
r — & - ] - - - 3 % RPN JUNUSE SR SEE U I e
- ”T 1= =
Experimental results
Rough joint: scale effect Smooth joint: no scale effect




Scale effects on joint shear strength (cont.)

Scaling equations proposed by Barton et al, 1985. The subscript n refers to in-situ. The

subscript 0 refers to laboratory.

» Shear displacement to peak shear strength.

L is the sample dimension in meters.

« Joint Roughness Coefficient

3 (peak) =

£, FIRC, ™
soaf 4,

ra

£ ]-amRcy
JRC, = JRC}.[ “:l

L ~unti ke
« Joint Compressive Strength ICS, = JC S [Z—:]
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Part 3

Strength Criteria for Rock Masses

- Hoek and Brown criterion -
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Overview

Hoek and Brown have produced the best known criteria for estimating the
strength of rock masses. Their developments have spanned a period of over 20

years.

After Sonmez and Ulusay,
1999.
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The 1980 rock mass strength equation E

" . 35
E [ 63
Oy =04+ T, ;| M=+ 3
Oy

where ¢ and o are the major and minor effective
principal stresses at failure

O is the uniaxial compressive strength of the intact
rock material and

m and 5 are material constants, where 5 = 1 for

intact rock.
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The 1988 update WA
Shows a clarification concerning the
applicability of the criterion. Note the e Rapkcmier
reference to Amadei, 1988. Sopk. Seyuus grapeime
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The first GSI (1992) 5
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The 2002 Update

The entire procedure is available online at: www.rocscience.com, in the program RockLab,
that includes tables and charts to estimate O, m;, and the GSI. The strength equations are:
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http://www.rocscience.com

The 2002 Update - The Damage factor
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The 2002 Update - The Damage factor (cont.)
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The 2002 Update - Empirical modulus vs. GSI
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